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ABSTRACT 

Microtubules  are  major  constituents  of  the  cytoskeleton  and  are  involved  in  many  cellular  processes  such  as  the 
formation  of  the  mitotic  spindle  and  intracellular  trafficking.  These  tubular  structures,  composed  by  tubulin  a/p 
heterodimers  assemble  and  disassemble  with  a finely  regulated  dynamics.  Stathmin  is  a cytosolic  phosphoprotein  that 
sequesters  tubulin  in  a non  polymerizable  complex  consisting  of  two  tubulin  heterodimers  per  stathmin  molecule 
(T2S  complex).  The  I19L  (IQVKELEKRASGQAFELIL)  peptide  derived  from  the  stathmin  N-terminal  domain 
corresponds  to  region  folded  into  a "P-hairpin"  structure  observed  in  the  T2S  crystals. 

To  increase  the  efficiency  of  this  interaction,  different  mutations  were  introduced  at  the  level  of  the  I19L  peptide 
and  tested  in  vitro.  The  results  showed  that  the  peptideI19L-K4R-A10R  is  the  most  effective  to  inhibit  microtubules 
assembly. 

In  this  work,  we  introduce  these  mutations  to  analyzing  their  efficiencies  on  microtubules  disassembly  and  their 
impact  on  microtubules  dynamic  and  cell  cycle  in  cancer  cell  cultures  like  HeLa. 

Over  expression  experiments  of  wild-type  and  stathmin  mutant  containing  the  double  mutation 
(K9R-A15R  similar  to  the  mutations  K4R-A10R  for  the  I19L  peptide),  suggests  that  this  mutant  which  is  less 
phosphorylated  on  serine  16  induces  microtubules  bundles  formation,  reduces  microtubule  dynamics  and  inhibits  cell 
proliferation. 

We  thus  suggest  that  we  can  ameliorate  the  binding  and  efficiency  of  the  N-terminal  stathmin  part  by  including 
this  double  mutation.  This  variation  has  an  impact  in  vitro  and  in  some  cellular  aspects  such  as  cell  proliferation  and 
microtubules  dynamics.  These  findings  may  lead  to  a targeted  therapy  for  this  type  of  cancer. 
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INTRODUCTION 

Despite  significant  progress  in  prevention  and  diagnosis,  cancer  still  represents  an  important  cause  of  mortality 
worldwide.  Discovering  new  drugs  and  new  mechanisms  that  are  more  active  and  more  selective  might  be  beneficial  in 
cancer  therapy.  Therapies  intended  to  block  tumor  cell  cycle  or  to  inhibit  tumor  cell  migration  and  invasion  are  also  likely 
to  be  beneficial  and  constitute  an  interesting  strategy.  The  dynamic  properties  of  microtubules  (MTs)  are  crucial  for  proper 
cell  division  and  migration,  and  interfering  with  them  forms  the  basis  of  action  of  one  particular  cancer  treatment 
(Wang  et  al.,  2011). 
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MTs  are  non  covalent  polymers  of  the  protein  tubulin  that  perform  essential  transport  and  structural  roles  within 
eukaryotic  cells  (David-Pfeuty  et  al.,  1977). These  cytoskeleton  structures  have  been  implicated  in  vesicle  transport,  cell 
structure  and  motility,  signaling,  and  cell  division.  The  17-kDa  phosphoprote  in  stathmin  (also  known  as  “oncoprotein”  18) 
(Sobel,  1991),  is  a tubulin-binding  protein  involved  in  the  control  of  MT  assembly  and  dynamic  (Belmont  and  Mitchison, 
1996).  Originally  identified  as  a key  factor  in  cell  proliferation,  it  also  plays  roles  as  a relay  protein  and  integrating  protein 
within  intracellular  signaling  networks.  Although  it  was  originally  proposed  that  MTs  destabilization  by  stathmin  results 
from  direct  “catastrophe”  promotion,  it  is  actually  due  at  least  in  part  to  sequestration  of  free  tubulin,  because  stathmin 
interacts  with  tubulin  in  a phosphorylation-dependent  manner,  to  form  a T2S  complex  of  one  stathmin  (S)  and  two  tubulin 
heterodimers  (T)  (Curmi  et  al.,  1997;  Jourdain  et  al.,  1997).  This  controversy  was  resolved  by  a study  demonstrating  that 
stathmin  mediates  both  “catastrophe”  promotion  and  sequestration  of  tubulin  and  that  detection  of  these  activities  depend 
on  buffer  conditions  (Howell  et  al.,  1999). Consequently,  stathmin  has  direct  effects  on  cellular  processes  such  as 
migration,  division,  and  growth  cone  guidance  by  influencing  the  association  of  MTs  with  the  actin  cytoskeleton 
(Liang  et  al.,  2008). 

Phosphorylation  of  stathmin  is  observed  in  response  to  hormones  (Beretta  et  al,  1988),  cytokines  (le  et  al.,  1991), 
neurotransmitters  (Chneiweiss  et  al.,  1992),  and  growth  and  differentiation  factors  (Doye  et  al.,  1990). 

Stathmin  is  phosphorylated  by  a variety  of  extracellular  signals  and  drugs.  Serine-16  has  been  shown  to  be 
phosphorylated  by  the  Ca2+/calmoduline  dependent  kinase  IV/Gr  (CaMKIV/GR)  in  T cells  stimulated  with  either  the 
calcium  ionophoreionomycin  or  through  the  T-cell  antigen  receptor.  Moreover,  progression  through  the  cell  cycle  appears 
to  require  multisite  phosphorylation  of  stathmin.  It  has  been  shown  that  over  expression  of  a non  phosphorylable  mutant  of 
stathmin  resulted  in  a large  population  of  cells  blocked  in  G2/M  with  a high  DNA  content  (Larsson  et  al.,  1995). 
However,  the  molecular  mechanism  by  which  stathmin  destabilizes  MTs  still  remain  unclear.Further,  stathmin  is  the 
generic  element  of  a protein  family,  including  SCG10  (Superior  Cervical  Ganglia  Protein  10),  SCLIP 
(SCGIO-Like  Protein)  and  RB3  (Rat  Brain-3),  that  share  a highly  conserved  SLD  (Stathmin-Like  Domain).  All  SLDs 
domains  are  able  to  sequester  tubulin  in  T2S  complex  but  at  variety  stabilities  (Charbaut  et  al.,  2001).  The  N-terminal 
domain  of  RB3-SLD  caps  a-tubulin  at  a position  and  in  a way  that  may  prevent  the  longitudinal  addition  of  the  capped 
tubulin  to  the  “plus”  ends  of  growing  MTs  (Steinmetz  et  al.,  2000). The  recent  crystallographic  structure  of  a 
tubulin-colchicine/RB3-SLD  complex  at  3.5  A,  revealed  three  domains  within  the  SLD  : an  N-terminal  cap  domain 
(residues  4-28),  a linker  domain  (29-45),  and  a long,  mostly  a-helical  domain  (46-145)  bearing  two  duplicated  tubulin 
binding  sites  (Ravelli  et  al.,  2004). 

A closer  view  of  the  N-terminal  cap  domain  of  RB3-SLD  in  the  tubulin-colchicine/RB3-SLD  complex  shows  the 
presence  of  a P-hairpin  motif  that  possesses  residues  in  an  interaction  with  some  of  the  a-tubulin  residues  involved  in  the 
interdimer  (Dorleans  et  al.,  2009). 

Short  and  long  peptides  from  N-terminal  part  of  human  SLDs  domain  were  studied,  the  results  shows  that  this 
peptides  impede  tubulin  polymerization  at  different  stabilities,  where  the  peptide  I19L  derived  from  N-terminal  region  of 
protein  stathmin  is  the  most  efficient,  suggesting  that  it  adopts  a specific  folding  by  the  interaction  with  tubulin.  In  this 
case,  the  /5-hairpin  structure  is  stabilized  by  eight  hydrogen  bonds  between  backbone  atoms  of  the  two  strands. 
The  hydrophobic  interactions  observed  between  residues  Val-8  (fi  1)  and  Leu-22  (/(2)  and  between  Leu-11  {fi  1)  and  Ala-19 
(/? 2)  are  also  likely  to  participate  in  the  stabilization  of  this  structure.  Finally,  the  presence  of  the  bulge  changes  the  usual 
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distribution  of  side  chains  alternatively  on  each  side  of  the  a-sheet  and  brings  Glu-10  and  Lys-13  side  chains  close  in 
space,  thus  allowing  an  ionic  interaction  between  these  residues  (Clement  et  al.,  2005).  However,  a somatic  mutation  in 
stathmin  gene  has  been  introduced  in  N-terminal  domain  at  I19L  peptide  region,  which  results  in  substitution  of  lysine  (K) 
for  arginine  (R)  at  amino  acid  position  4 and  substitution  of  alanine  (A)  for  arginine  (R)  at  amino  acid  position  10 
(K4R-A10R)  aimed  to  stabilize  the  P hairpin  motif.  The  arginines  substituted  are  able  to  interact  with  negatively  charged 
residues  present  on  the  surface  of  tubulin,  the  fact  first  mutation  (K4R)  create  a newhydrogenbonding  intra-peptide  with 
glutamate  6,  the  second  mutation  (K10R)  strengthens  hydrogen  bond  with  a spartate  46  opposite  tubulin  which  stabilizes 
the  folding  of  tubulin,  in  other  way  this  mutation  is  upstream  the  first  phosporylation  site  of  stathmin,  and  it  may 
alsointeract  with  thissite  by  hydrogen  bond. 

In  this  study,  we  examined  in  vitro  the  effects  of  this  double  mutation  (K9R-A15R  similar  to  the  mutations 
K4R-A10R  for  the  I19L  peptide)  on  stathmin  N-terminal  domain  on  the  polymerization  of  tubulin,  MT  dynamic  and  cell 
cycle. We  therefore  suggest  those  mutations  increase  stathmin/tubulin  interaction  binding  resulting  serine  16 
phosphorylation  state  reductions,  MTs  bundles  formation  in  mitotic  cells,  MT  dynamic  reduction  and  cell  proliferation 
inhibition. 

MATERIALS  AND  METHODS 
Plasmid  Constructs 

Stathmin  cDNAs  were  amplified  by  PCR.  The  5 ’and  3’  primers  were  chosen  in  order  to  introduce  a 5’KpnI  and  a 
3’BamHI  restriction  site  to  subclone  into  the  eukaryotic  expression  vector  pEGFP-Nl  coding  enhanced  green  fluorescent 
protein( GFP).The  DNA  oligonucleotides  (Sigma)  coding  Wild-type  stathmin  and  stathmin  double  mutant  were  designed 
and  synthesized  as  follows: 

5’cgc  agatctatggcttcttctgatatccag  3’  Bgl  II  restriction  sites  is  designed  in  bold 
5’cgc  ggtaccgcgtcagcttcagtctcgtcagc  3’  Kpn  I restriction  sites  is  designed  in  bold 

All  these  sequences  were  inserted  between  Bgl  II  and  Kpn  I (Fermentas)  restriction  sites  of  pEGFP-Nl  plasmid. 
The  recombinant  vectors  were  confirmed  by  the  digestion  analysis  of  restriction  endonuclease  and  DNA  sequencing  by 
Beckman  Coulter  Genomics  (United  Kingdom). 

Cell  Culture 

HeFa  cells  were  grown  in  Dulbecco's  Modified  Eagle  Medium  (DMEM:  Gibco)  with  5%  fetal  calf  serum  and  1% 
penicillin/streptomycin  (Invitrogen  Fife  Technologies),  at  37°C  in  a humidified  atmosphere  containing  5%  CO2.  All  cells 
were  dissociated  in  0.25%  trypsin  (Invitrogen  Fife  Technologies)  then  diluted  1:10  before  replating. 

Synchronization  and  Transfection 

For  synchronization  studies,  confluent  cultures  containing  approximately  (15  X 104  cells/cm2)  were  arrested  in 
mitosis  by  thymidine/nocodazole  block  (Sigma).  Thymidine  was  added  at  0.5  mM  and  the  cultures  were  incubated  at  37°C, 
after  15h  the  medium  containing  the  thymidine  was  removed,  the  cells  were  incubated  lOh  without  drug,  the  nocodazole 
was  added  at  30  nM  during  12  h.  The  thymidine  was  dissolved  in  0.5  x Phosphate-Buffered  Saline  (PBS)  and  the 
nocodazole  was  dissolved  in  DMSO,  both  products  were  kept  at  -20°c. 
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For  transfection,  the  cells  were  watched  twice  in  PBS  lx  and  DMEM,  the  transfection  was  performed  using 
lipofectamine™  2000  (Invitrogen  Life  Technologies)  combined  to  1 pg  Stathmin-p-EGFPNl  plasmid 
(called  stathmin-GFP)  in  the  800  pi  Opti-MEM®  reduced  serum  medium.  After  20  minutes,  the  cell  culture  medium  was 
removed  and  replaced  with  DMEM  medium  without  serum  and  the  DNA-lipid  Opti-MEM®  mixture. 

Immunofluorescence 

HeLa  cells  were  grown  in  individual  box  of  1.9cm2  (5  X 104cells/box)in  37°Cand  5%C020vernight. 
The  following  day,  there  were  transfected  with  0.5pg  of  stathmin-GFP  and  1 pi  lipofectamine™  2000  in  the  800  pi 
Opti-MEM®  medium.  After  transfection,  HeLa  cells  growing  in  plastic  dishes  were  washed  with  PBS  and  fixed  with  4% 
paraformaldehyde  (PFA)  in  PBS  for  25  min  at  37°C.  Cells  were  washed  thrice  with  PBS  and  incubated  for  lh  in  blocking 
solution  (20  mm  Tris-HCl,  150  mm  NaCl,  0.1%  Triton,  2%  BSA,  0.1%  Azide,  pH  7.4). 

The  MT  network,  stathmin  immuno-localization  and  stathmin  phosphorylated  serine  16  were  revealed  by 
immunofluorescence  with  E7  anti-a-tubulin  mouse  antibody  (1:3000),  anti-CO OH-terminal  (antiserum  C)  of  Stathmin 
rabbit  antibody  (1:500)  and  anti-phosphorylated  serine  16  (P16)  rabbit  antibody  (1:10  000). 

Cells  were  washed  extensively  in  PBS  and  incubated  for  2 h with  secondary  antibodies  goat  anti-mouse 
(Alexa  Fluor  555,  1:2500  dilution)  or  goat  anti-rabbit  (Alexa  Fluor  594,  1:2500  dilution)  (Molecular  Probes)  in  blocking 
solution  and  washed  again  with  PBS.  DNA  was  stained  by  incubation  with  DAPI  (1:6500)  (Invitrogen)  for  20  seconds. 
The  cells  were  finally  washed  with  PBS  and  examined  for  fluorescence  with  a Zeiss  microscope  using  a 63x/1.4  or 
100x/1.4  numerical  aperture  objectives. 

Inmiunoblotting 

HeLa  Cells  were  lysed  in  50  mM  Tris-HCl  (pH  7.5),  150  mM  NaCl,  0.1%  (vol/vol)  Triton  X-100,  1 mM  EDTA, 
and  protease  inhibitor  cocktail  (Roche,  Indianapolis,  IN).  Lysates  were  centrifuged  at  14,000  x g for  15  min  at  4°C,  and 
supernatants  were  collected.  Proteins  were  separated  on  12%  SDS-PAGE  gels  and  transferred  onto  a nitrocellulose 
membrane  (Invitrogen,  Carlsbad,  CA).  The  membranes  were  blocked  in  5%  (wt/vol)  nonfat  dried  milk/PBS  for  30  min  at 
room  temperature  and  incubated  for  1 h at  room  temperature  with  primary  antibodies  (anti-COOH-terminal  (antiserum  C) 
of  Stathmin  rabbit  antibody;  1:5000  dilution)  and  anti-GAPDH  used  as  a protein  loading  control  (1:5000;  Abeam). 
Bound  antibodies  were  detected  and  quantified  with  an  Odyssey  imaging  system  (LI -COR  Biosciences,  Lincoln,  NE)  using 
anti-rabbit  IRDye  800  or  anti-goat  IRDye  680  secondary  antibodies  (1:5000  dilution;  Odyssey;  LI-COR  Biosciences). 

Cell  Proliferation  Assay  by  Mtt  (3-(4,  5-Dimethylthiazol-2-Yl)-2,  5-Diphenyl  Tetrazolium  Bromide) 

Three  groups  of  HeLa  cells  were  grown  in  24-well  plates  of  1.9  cm2  dimension  (5xl04  cells/well),  synchronized 
and  transfected.  At  19,  24,  35  and  48  h following  transfection  40  pi  of  MTT  was  added  to  each  well  to  have  1%  final 
concentration. After  2 h incubation  and  37°C  in  the  dark,  400  pi  stabilized  solution  was  added  to  each  well  for  20  minutes 
to  dissolve  the  formazan  crystals.  The  absorbance  was  measured  using  UV  visible  spectrophotometer 
(Analytik  Jena  Instruments,  Germany)  at  570  and  690  nm,  the  final  value  is  subtracted  from  the  twos  absorbance  values. 

The  viability  of  the  transfected  cells  was  represented  by  optical  density  (OD)  of  growth  population  plus  standard 
error  of  each  mean. 
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Video  Microscopy  of  MT  Dynamic 

HeLa  cells  were  grown  in  individual  box  9.6cm2  dimension  (2xl05cells/box)  in  37°Cand  5%C02overnight. 
The  following  day,  there  were  synchronized  and  transiently  co-transfected  with  stathmin-GFP  vector  and  mcherry-EB3 
eukaryotic  vector  coding  enhanced  red  fluorescent  protein(RFP),  and  then  cultured  for  5 h before  real-time  monitoring  of 
MT  dynamic. 

Fluorescence  video  microscopy  was  implemented  on  an  inverted  microscope 
(Axiovert  220;  Carl  Zeiss  Microimaging,  Jena,  Germany).  RFP  emission  was  detected  with  a 63x/1.4  numerical  aperture 
objective.  Time-lapse  images  were  captured  at  1-s  intervals  for  2 min  using  a Zeiss  cooled  charge-coupled  device  camera. 
To  measure  MT  elongation  rates,  the  distances  covered  by  MT  ends  were  measured  by  analyzing  sequential  images  with 
the  Manual  tracking-image  J software.  Ambiguous  trajectories  were  discarded. 

Statistical  Analysis 

All  experiments  were  performed  at  least  in  triplicate  and  all  quantitative  data  are  presented  as 
means  + SD.  P < 0.05  was  considered  statistically  significant. 

For  MTT,  all  groups  were  performed  with  the  One-way  analysis  of  variance  (ANOVA)  followed  by  the  least 
significant  difference  (LSD)  test,  using  STATISTICA  version  4.1  (StatSoft,  Paris,  France). 

The  average  speed  of  MTs  50  “plus”  end  movement  was  analyzed  using  (Kruskal -Wallis,  Nonparametric 
(ANOVA)  test  followed  by  the  non-parametric  post-hoc  Dunn  test  using  STATISTICA  version  8.0  (StatSoft,  Paris,  France) 
after  verification  of  non-normal  distribution  of  values  of  each  population. 

RESULTS 

Characterization  of  Antisera  Directed  Against  the  Phosphorylated  Sites  of  Stathmin 

To  further  investigate  the  function  and  mechanism  of  action  of  wild-type  (WT)  stathmin  and  double  mutant 
stathmin  (K9R-A15R-stathmin)  during  the  cell  cycle,  we  examined  their  intracellular  localization  and  expression  in 
synchronized  HeLa  cells  by  immunofluorescence  microscopy  using  polyclonal  antibodies  directed  against  a 
COOH-terminal  peptide  of  stathmin  (antiserum  C)  (Koppel  et  ah,  1990).  We  also  generated  polyclonal  antisera  directed 
against  the  phosphorylated  site  16,  (anti-16P,  see  Materials  and  methods)  to  study  the  subcellular  localization  and  the  state 
of  the  phosphorylation  of  these  corresponding  forms  of  stathmin. 

The  results  show  that  anti-stathmin  antiserum  C yielded  a punctate  staining  in  the  cytoplasm,  which  was  more 
concentrated  around  the  nucleus  with  K9R-A15R-stathmin  (Figure  la). 

Both  proteins  are  expressed  correctly  in  HeLa  cells  indicating  their  stability;  however,  the  K9R-A15R-stathmin  is 
expressed  also  at  perinuclear  area  which  may  it  confer  a new  properties  towards  the  MT  network  in  this  area.  This  is 
further  confirmed  by  Western  blotting,  where  K9R-A15R-stathmin  is  more  expressed  than  WT-stathmin  at  35  and  48 
hours  in  synchronized  HeLa  cells  (Figure  lb). 

We  next  examined  the  subcellular  localization  and  the  phosphorylation  state  of  stathmin  phosphorylated  on  site  16 
in  synchronized  HeLa  cells  at  different  times  after  transfection.  The  aim  is  to  analyze  the  effect  of  the  second  mutation 
(K15R)of  K9R-A15R-stathmin  on  this  site  phosphorylation  state,  which  it’s  upstream. 
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In  interphasic  cells,  a punctuate  staining  was  very  weakly  detected  with  anti-16P  in  the  presence  of  WT-stathmin 
or  K9R-A15R-stathmin,  wherever,  mitotic  cells  were  strongly  labeled  in  the  presence  of  WT-stathmin  and  less  labeled  in 
the  presence  of  K9R-A15R-stathmin,  in  particular  at  35  h (Figure  2b-c).  The  staining  of  mitotic  cells  increased  from 
prophase  to  metaphase  and  strongly  decreased  at  cytokinesis  (Figure  2).  The  very  rapid  dephosphorylation  of  stathmin  on 
site  16  occurs  at  cytokinesis,  as  soon  as  the  cells  have  finished  their  transition  through  the  mitotic  phase 
(Gavet  et  ah,  1998). 

In  all  experiments,  DNA  visualized  by  staining  with  DAPI  is  normal,  it  allowed  us  to  visualize  proliferation 
cellular  step,  is  very  likely  that  the  dead  cells  were  detached  and  could  be  didn’t  visualized  by  immunofluorescence 
microscopy.  These  observations  indicate  that  all  mitotic  cells  over  expressed  K9R-A15R-stathmin  are  less  phosphorylated 
on  site  16  which  could  be  related  to  its  mutations,  high  expression  level  and  low  degradation  degree.  Furthermore,  this  low 
state  of  phosphorylation  could  be  a result  for  the  stability  of  the  interaction  between  stathmin  and  tubulin  which  is 
enhanced  by  the  double  mutation  introduced. 

Together,  these  results  suggest  that,  the  double  mutation  introduced  in  K9R-A15R-stathmin  it  has  gave  distinct 
properties  compared  to  WT-stathmin  such  as  it  subcellular  localization,  expression  and  site  16  phosphorylation  state. 

Effects  of  Stathmin  on  the  MT  Network 

Stathmin  inhibits  MTs  polymerization  by  sequestering  tubulin  on  T2Scomplexformed  by  one  molecule  of  stathmin 
and  two  heterodimers  a- (3  of  tubulin(Curmi  et  ah,  1997;Jourdain  et  ah,  1997). 

To  investigate  the  role  of  WT-stathmin  and  K9R-A15R-stathmin  on  MTs  depolymerization,  we  over  expressed 
this  forms  in  synchronized  HeLa  cells  and  analyze  the  MT  network  at  different  times  by  immunofluorescence 
microscopyusing  monoclonal  antibodies  directed  against  a-tubulin  of  MTs  (Figure  3). 

The  results  indicate  that  in  mitotic  cells,  WT-stathmin  overexpression  didn’t  induced  MTs  depolymerization 
compared  to  untransfected  cells.  In  contrast,  K9R-A15R-stathmin  overexpression  reorganizes  MTs  into  bundles  (asterisks) 
at  perinuclear  area  (in  cytokinesis  cells)  where  it  is  more  localized  (Figure  3b-c).  DNA  stained  by  incubation  with  DAPI 
appears  normal;  it  gave  us  more  detail  at  the  successive  steps  of  mitosis. 

Together,  these  results  suggest  that,  K9R-A15R-stathmin  which  is  more  expressed  and  less  phosphorylated  had  a 
visible  effect  on  MTs  network  in  mitosis.  These  observations  are  correlated  with  studies  showed  that  the  effect  on  the  MT 
network  was  clearly  dependent  on  the  level  of  stathmin  expression  (Gavet  et  ah,  1998). 

Effects  of  Stathmin  on  Cell  Proliferation 

During  cell  cycle,  stathmin  is  phosphorylated  allowing  the  formation  of  the  mitotic  spindle  and  cell  cycle 
progressioni Rubin  and  Atweh,  2004). 

To  detect  the  effect  of  stathmin  proteins  overexpression  on  the  proliferation  of  cells,  synchronized  and  transfected 
HeLa  cells  were  seeded  into  24  well  plates  (5xl04cells/well).  Cultures  were  collected  at  different  time  points  for  analysis  of 
cell  proliferation  level  using  MTT  assay. 

The  results  show  that  the  proliferation  level  between  the  three  groups  of  transfected  HeLa  cells  was  different 
(Figure  4).  Both  stathmin  proteins  expressedatl9  h,  24  h inhibit  cell  proliferation  more  (P<  0.001)  than  the  control  which 
contains  transfected  cells  with  p-EGFPNl  vector.  At  35h,  data  show  a significant  difference  between  WT-stathmin  and  the 
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control  (P<  0.01)  and  between  K9R-A15R-stathmin  and  the  control  (P<  0.001).  At  this  level,  K9R-A15R-stathmin  inhibits 
more  cell  proliferation  than  WT-stathmin  (P<  0.001).  At  48  h,  the  difference  exists  only  between  the  controlandK9R- 
A15R-stathmin  (P<  0.05).  At  this  level,  WT-stathmin  is  less  expressed  (immunoblotting  data).  These  observations 
reevaluate  the  inhibition  of  cell  proliferation  byK9R-A15R-stathmin  at  this  moment. 

Together,  these  results  suggest  that  overexpression  of  stathmin  proteins  disrupts  the  cell  proliferation  with  a 
greater  effect  for  K9R-A15R-stathmin. 

Impacts  of  Stathmin  on  MT  Dynamic 

Stathmin  is  an  important  regulator  of  MT  polymerization  and  dynamic  (Manna  et  al.,  2009).  Analysis  of  dynamic 
instability  at  “plus”  and  “minus”  ends  was  carried  out  by  video-enhanced  differential  interference  contrast  microscopy  as 
previously  described  (Manna  et  al.,  2006). 

We  wanted  to  analyze  the  ability  of  stathmin  proteins  to  modulate  MT  dynamic  instability  in  interphasic  HeLa 
cells  by  measuring  MTs  “plus”  end  moving  using  the  fluorescent  protein  RFP  coding  by  mcherry-EB3  vector  with  the 
particularity  to  bind  to  the  “plus”  end  of  MTs  (Figure  5a). 

The  elongation  rate  of  MTs  was  observed  in  live  fluorescence  video  microscopy  and  was  performed  using 
Kruskal- Wallis,  non  parametric  ANOVA  test  followed  by  the  non-parametric  post-hoc  Dunn  test. 

These  results  prompted  us  to  further  investigate  the  role  of  stathmin  proteins  on  the  elongation  rate  of  dynamical 
MT  plus  ends.  Video  microscopy  of  EB3  revealed  that  the  elongation  rate  of  MTs”plus”  ends  was  considerably  reduced  in 
the  presence  of  WT-stathmin  compared  to  the  control  (EB3  alone)  (P<  0.05)  and  in  the  presence  of  K9R-A15R-stathmin 
compared  to  the  control  (P<  0.05).  K9R-A15R-stathmin  further  reduces  the  elongation  rate  of  MTs  “plus”  end  than 
WT-stathmin  (P<  0.05)  (Figure  5b). 

Together,  these  results  suggest  that,  the  double  mutation  introduced  could  stable  the  interaction  between  stathmin 
and  tubulin  resulting  reduction  of  MT  dynamic. 

DISCUSSIONS 

Stathmin  (also  called  oncoprotein  18  “Opl8”),  a cytosolic  phosphoprotein,  is  a member  of  a family  of 
MT-destabilizing  proteins  that  regulate  the  dynamic  of  MT  polymerization  and  depolymerization 
(Mistry  and  Atweh,  2002).  It  is  organized  in  two  domains  witch  slightly  overlap  between  amino  acids  50-70:  an  NH2 
terminal  “regulatory”  domain  containing  several  phosphorylation  sites  and  a COOH-terminal  “interaction”  domain  that 
presents  a predicted  a-helical  structure  potentially  forming  coiled-coil  interactions  with  other  proteins  (Curmi  et  al.,  1999). 

Stathmin  is  variably  phosphorylated  on  four  distinct  serine  residues  in  intact  cells,  namely,  Ser-16,  -25,  -38,  and 
-63  (Beretta  et  al.,  1993;Marklund  et  al.,  1993).  All  four  serine  residues  are  phosphorylated  to  high  stoichiometry  during 
mitosis  (Larsson  et  al.,  1995).  Stathmin  is  also  element  of  the  generic  a conserved  protein  family  including  the  neural 
proteins  SCG10,  SCLIP,  RB3  and  its  two  splice  variants  RB3’  and  RB3”  (Anderson  and  Axel,  1985;Maucuer  et  al., 
1993;Ozon  et  al.,  1997;Schubart  et  al.,  1989;Stein  et  al.,  1988). 

Here,  we  examined  the  intracellular  localization,  expression  and  MT  destabilizing  activity  of  WT-stathmin  and 


K9R-A15R-stathmin  in  vivo,  and  theirs  activity  regulation  by  phosphorylation  on  site  16  during  cell  cycle. 
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We  controlled  the  localization  subcellular  and  the  expression  of  WT-stathmin  and  K9R-A15R-stathmin  in 
synchronized  HeLa  cells,  the  two  forms  have  cytoplasmic  localization  with  could  be  resulting  of  the  presence  of 
manycharged  residuesin  its  sequence.  Stathmin  was  detected  on  cytoplasmic  fraction,  immunofluorescence  microscopy  in 
HeLa  cells  overexpressing  stathmin  shows  a cytoplasmic  localization  (Gavet  et  al.,  1998). 

Moreover,  the  nucleus  was  strongly  stained,  probably  as  a result  of  over  expression,  with  the  exception  of  the 
nucleoli,  K9R-A15R-stathmin  presents  strongly  perinuclear  staining  which  could  be  related  with  its  highly  expression 
level. 

We  examined  the  localization  and  phosphorylation  level  of  site  16  in  synchronized  HeLa  cells  by  a specific 
phosphorylation  site-directed  antiserum.  Any  staining  is  detectable  in  interphasic  cells  over  expressed  the  two  forms  of 
stathmin,  because  it  is  low  phosphorylated  in  interphase  (Bieche  et  al.,  2003). 

Whereas  the  staining  increases  from  prophase  to  metaphase  and  strongly  decreases  at  cytokinesis  in  mitotic  cells 
overexpressed  WT-stathmin. 

Serine  16  phosphorylation  increases  in  prophase  until  metaphase  and  decreases  in  cytokinesis  suggesting  that 
CaMK-IV-Gr  kinase  protein  is  active  on  prophase  and  inactive  on  cytokinesis  (Melander  et  al.,  1997). 

Mitotic  cells  overexpressed  K9R-A15R-stathmin  are  low  phosphorylated  on  site  16.  These  observations  could  be 
resulting  from  the  second  mutation  (K15R)  which  creates  a new  hydrogen  bound  with  site  16  in  this  stathmin  form 
(data  not  shown).  Stathmin  is  rapidly  degraded  after  site  16  phosphorylation,  the  endogenous  stathmin  protein  its  half-life 
is  more  than  36  h,  the  mutant  phosphorylated  stathminCaMK-IV-Gr  kinase  protein  is  rapidly  and  continually  induced 
during  the  4h  to  5h  time  course  of  the  experiment  (Melander  et  al.,  1997). 

We  investigated  the  double  mutation  introduced  and  site  16  phosphorylation  state  dependences  of  the  MT 
depolymerizing  activity  of  stathmin  in  vivo  by  overexpressing  WT-stathmin  and  K9R-A15R-stathmin. 

In  interphasic  HeLa  cells,  it  would  appear  lack  of  association  of  the  two  forms  of  stathmin  with  the  MT  network, 
which  is  in  good  agreement  with  its  ability  to  interact  with  free  tubulin  rather  than  with  polymerized  MTs  in  vitro 
(Larsson  et  al.,  1997). 

Although,  the  alone  N-terminal  region  of  stathmin  is  able  to  depolymerize  MT  network  in  interphasic  cells  and 
opposites  mitotic  spindle  formation  (Segerman  et  al.,  2003).  The  peptide  I19L  alone  adopts  a sophisticated  /5-hairpin 
structure  in  contact  with  tubulin  in  solution  (Clement  et  al.,  2005). 

This  could  be  resulting  of  perinuclear  localization  of  K9R-A15R-stathmin  enabling  it  to  have  an  activity  in 
interphasic  cells;  or  rather  that  K9R-A15R-stathmin  decreases  the  concentration  of  freetubulin. 

In  mitotic  HeLa  cells,  it  would  appear  lack  of  association  of  the  WT-stathmin  and  MT  network.  During  mitosis, 
stathmin  is  phosphorylation-inactivated  by  multisite  phosphorylation  by  spindle  assembly  regulating  kinase  systems 
including  CDK1,  PLK1,  and  Aurora  B (Gadea  and  Ruderman,  2006;Larsson  et  al.,  1997).  This  indicates  that  stathmin 
activity  is  switched  off  until  the  spindle  assembly  checkpoint  is  silenced,  which  is  consistent  with  the  apparently  normal 
spindle  assembly  in  both  human  and  murine  somatic  cells  lacking  stathmin  (Holmfeldt  et  al.,  2006;Ringhoff  and 
Cassimeris,  2009).  In  contrast,  K9R-A15R-stathmin  reorganizes  MTs  into  bundles  at  perinuclear  area  in  cytokinesis  cells. 
These  observations  could  be  linked  to  MT  dynamic  or  stability  and  to  its  low  phosphorylation  state.  MTs  are  reorganized 
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on  bundles  after  taxol  treatment  (Gavet  et  al.,  1998)  which  blocks  the  cell  cycle  in  its  G1  or  M phases  by  stabilizing  the 
MT  cytoskeleton  against  depolymerization  (Arnal  and  Wade,  1995).  Otherwise,  over  expression  of  uphosphorylated 
stathmin  mutant  interfered  with  formation  of  the  mitotic  spindle  in  mitotic  leukemia  cells  K562  by  MTs  bundles  formation. 
Hence,  phosphorylation  of  over  expressed  stathmin  is  essential  to  allow  spindle  formation  during  mitosis  and  subsequent 
cell  division  (Larsson  et  al.,  1997). 

Stathmin  is  overexpressed  in  various  types  of  human  cancers,  including  esophageal  carcinoma,  and  its  high 
expression  levels  could  affect  the  distribution  of  cell  cycle  (Niethammer  et  al.,  2004).  Therefore,  we  studied  the  impact 
ofoverexpression  of  WT-stathmin  and  K9R-A15R-stathmin  on  synchronized  HeLa  cells  proliferationusing  MTT  test. 

Cell  proliferation  was  measured  by  cell  counting  MTT  at  different  times.  At  19,  24  and  35h,  the  two  forms  of 
stathmin  appear  toxic  compared  to  the  control  (transfected  cells  with  p-EGFPNl  alone).  These  observations  could  be 
linked  to  the  overexpression  of  stathmin  in  mitotic  HeLa  cells  synchronized  in  G2/M  phase  where  stathmin  must  be 
phosphorylated  on  its  four  phosphorylation  site.  Stathmin  phosphorylation  increases  during  the  passage  of  G phase  to  S 
phase  andevenduring  the  transition  fromthe  G2  phaseto  mitosisin  many  cell  types,  such  as  K562  leukemic  cells 
(Luo  et  al.,  1994),  Jurkat  cells  (Brattsand  et  al.,  1994)  or  HeLacells  (Bieche  et  al.,  2003). 

At  35  and  48  h,  K9R-A15R-stathmin  inhibits  cell  proliferation  more  than  WT-stathmin  which  could  be  resulting 
for  it  higher  expression  and  it  low  phosphorylation  state  in  site  16  in  mitotic  cells. 

Stathmin  participates  in  the  regulation  of  MT  dynamic  in  relation  with  diverse  biological  regulations  and  in  many 
cell  types  (Ozon  et  al.,  1998). Analysis  of  dynamic  at  “plus”  ends  of  MTs  was  studied  by  live  fluorescence  video 
microscopy  in  HeLa  cells  co-transfected  with  mcherry-EB3/Stathmin-GFP.  The  studied  shows  that  the  averages  speed  of 
“plus”  ends  moving  are  slowed  in  the  presence  of  WT-stathmin  and  K9R-A15R-stathmin  compared  to  the  control. 
Stathmin  appears  change  MTs  “plus”  end  structure  as  has  been  shown  interphasic  Xenopus  egg  extracts  by  electron 
cryo-microscopy  (Arnal  et  al.,  2000).  MT  dynamic  in  mitotic  cells  is  10  times  higher  than  in  interphasic  cells  where  it  is 
less  phosphorylated  (Belmont  et  al.,  1990).  In  other  wise,  in  the  presence  of  K9R-A15R-stathmin  this  sopped  is  slowed 
than  the  presence  of  WT-stathmin.  It  could  be  related  with  the  double  mutation  introduced  strengthen  the  bond  between  the 
N-terminal  part  of  stathmin  and  tubulin,  which  increases  the  destabilizing  activity  of  stathmin.  High  concentrations  of  the 
stathmin  N-terminal  portion  increased  the  “catastrophe”  rate  during  MT  assembly  in  vitro.  The  N-terminal  region  of 
stathmin  has  autonomous  activity.  Evidently,  this  activity  is  enhanced  by  the  increase  in  tubulin  affinity  that  is  provided  by 
the  extended  a-helical  portion  of  native  stathmin  (Segerman  et  al.,  2003).  Deletion  of  N-terminal  region  of  stathmin 
resulted  in  a protein  that  retained  tubulin-sequestering  activity  (Howell  et  al.,  1999),  but  was  unable  to  promote  MT 
“catastrophes”. 


CONCLUSIONS 

In  conclusion,  we  report  here  the  involvement  in  vivo  of  the  N-terminal  region  of  stathmin  in  the  stability  of 
stathmin/tubulin  interaction  and  the  importance  of  stathmin  activity  regulation  during  cell  proliferation 
byphosphorylation.We  demonstrated  thatthe  double  mutation  (K9R-A15R)  introduced  at  N-terminal  region  of  stathmin 
had  stabilized  the  interaction  between  stathmin  and  tubulin  which  strengthened  its  activity  with  MTs.  Also,  this  double 
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mutation  gave  it  new  properties,  including  its  expression  or  localization. 

Furthermore,  serine  16  phosphorylation  during  mitosis  is  critical  for  stathmin  activity  inhibition  and  its  affinity 
reduction  with  tubulin.  K9R-A15R-stathmin  less  phosphorylated  on  this  site  induces  MT  bundles  formation  and  cell 
proliferation  inhibition  in  mitotic  HeLa  cells. 

Finally,  we  demonstrated  N-terminal  region  function  on  MT  dynamic  regulation.  K9R-A15R-stathmin  reduces  the 
elongation  rate  of  MTs  “plus”  end  by  enhancing  stathmin/tubulin  binding.  The  role  of  stathmin  is  probably  controlled  by 
its  specific  molecular  properties,  as  well  as  its  expression,  subcellular  localization  and  phosphorylation  profile. 
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Figure  1:  Immunolocalization  and  Immunoblotting  of  Stathmin  in  Synchronized  HeLa  Cells.  (A)  Cells  were 
Transfected  and  Fixed  with  PFA  4%  (See  Materials  and  Methods)  and  Stained  with  Anti-Stathmin  Antiserum  C 
(1:500).  DNA  was  Visualized  by  Co-Staining  with  DAPI.  (B)  Western  Blotting  Indicates  the  Expression  Level  of 
Stathmin  Proteins.  The  Expression  Level  of  Both  Proteins  is  Distinct.  GAPDH  was  used  as  a Loading  Control 
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Ligure  2:  Immunostaining  of  Stathmin  Anti-16P  in  Synchronized  HeLa  Cells.  Cells  were  Transfected  and  Lixed 
with  PEA  4%  (See  Materials  and  Methods)  and  Stained  with  Anti-Phosphorylated  Serine  16  (1:10  000)  at  19h  (A), 
35  h (B)  and  48h  (C).  Only  Mitotic  Cells  were  Stained,  DNA  was  Visualized  by  Co-staining  with  DAPI 
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Figure  3:  Effects  of  WT-Stathmin  and  K9R-A15R-Stathmin  on  the  Interphasic  and  Mitotic  MT  Networks. 
Synchronized  HeLa  Cells  were  Transfected  To  Over  Expressed  WT  Or  K9R-A15R  Stathmin  and  Fixed  with  PFA 
4%  (See  Materials  and  Methods),  and  Stained  with  Anti  A-Tubulin  (1/3000)  At  19  H (A),  35  H (B)  Or  48  H (C).  In 
Contrast  to  the  WT-Stathmin,  K9R-A15R-Stathmin  Reorganizes  MTs  in  Mitotic  Cells  on  Bundles  (Asterisks).  DNA 

was  Visualized  by  Co-Staining  with  DAPI 
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Figure  4:  MTT  Assay  After  WT-stathmin  and  K9r-al0r-stathmin  Expression  In  Synchronized  HeLa  Cells. 
Data  Are  Shown  Mean  ± SLD  from  Three  Independent  Experiments,  *p  < 0.05,  **p  < 0.01  and  ***p  < 0.001 
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Figure  5:  MCherry-EB3  Localization  and  Observation  in  HeLa  cells.  (A)  EB3  Comets  were  Observed  by  Live 
Fluorescence  Video  Microscopy.  Representative  Cells  Correspond  to  Green  Fluorescence  (stathmin-GFP)  and  to 
Red  Fluorescence  (RFP-EB3).  (B)  Movements  of  MTs  « Plus  » End  in  Transfected  HeLa  cells.  Data  are  Shown 
Mean  ± SLD  from  Three  Independent  Experiments.  *P  < 0.05 
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